1.. Introduction {#S0001}
================

Polymer solar cells (PSCs) \[[@CIT0001]\] have been developed over the past decade and now reach power conversion efficiencies (PCE) overcoming the milestone value of 10%.\[[@CIT0006]\] In order to become a realistic alternative to the state-of-the-art silicon solar cells, developers of PSCs are required to either remarkably increase their photovoltaic performances or to considerably reduce the cost of production.\[[@CIT0013]\] To realistically reduce the production cost by using high-productivity technologies such as the roll-to-roll process, finding the optimized conditions and device architectures for device fabrication in air is essential to maintain relatively high photovoltaic performances. However, the fact that the state-of-the-art materials used for PSC active layers tend to degrade when exposed to oxygen and moisture remains one of the major limitations for device fabrication in air.\[[@CIT0014]\]

The importance of the vertical distribution of electron-donor and electron-acceptor materials in the active layer of PSCs has been demonstrated through a variety of recent studies.\[[@CIT0017]\] In fact, one of the most efficient methods to increase their PCE is to include electron-donor or electron-acceptor only buffer layers between the active layer and the anode or cathode, respectively. Some solution-processed sequential layer deposition processes have been previously introduced and resulted in successfully achieving the adequate morphologies for high efficiency solar cells.\[[@CIT0019]\] These include using orthogonal solvents to form diffusive bilayer active layers,\[[@CIT0021]\] using a sacrificial orthogonal solvent layer for successful spin-coating without dissolution of the underlying layer \[[@CIT0020]\] and simply spin-coating the second layer on top of the underlying layer which is partially dissolved during the process.\[[@CIT0019]\] One common feature of these methods is the lack of reproducibility of the results as it becomes extremely difficult in practice to control the amount of material from the first layer dissolved during the second layer deposition, especially for inverted device architectures.

Thin film transfer-printing from flexible polydimethylsiloxane (PDMS) stamps is a well-known dry transfer process for solar cell and light-emitting device micro-fabrication.\[[@CIT0026]\] In fact, through this solvent-free deposition technique, one can sequentially deposit multilayered PSC active layers (e.g. to induce a concentration gradient in device active layers) without generating any damage to underlying layers.\[[@CIT0026]\] However, one of the main issues when it comes to applying this method to PSCs fabrication consists in the deposition of high quality active layers on the PDMS stamps. The poly(3-hexylthiophene-2,5-diyl): phenyl-C~61~-butyric acid methyl ester (P3HT:PCBM) materials in chlorinated organic solvents cannot properly wet the PDMS surface and thus require PDMS surface energy modification. In a previous transfer-printing process for PSCs, such a surface modification was obtained by spin-coating chloroform prior to deposition of the P3HT:PCBM solution in chloroform.\[[@CIT0026]\] As chloroform is a volatile solvent which easily diffuses inside PDMS, this method resulted in the formation of thin spin-coated layers of P3HT:PCBM on PDMS. However, due to the PDMS swelling induced by chloroform diffusion and chloroform's volatility, it may be difficult to deposit high quality films in a reproducible manner.

Here, we propose an alternative method where PEDOT:PSS is first deposited from an aqueous suspension on a plasma treated PDMS surface, followed by spin-coating of the P3HT:PCBM solution. The PEDOT:PSS/P3HT:PCBM bilayers are then transferred from the PDMS stamps to zinc oxide (ZnO) covered indium tin oxide (ITO) with or without the presence of a PCBM interlayer with all the process done in air. Our study includes calculations of works of adhesion to predict whether PEDOT:PSS/P3HT:PCBM bilayers can be successfully transferred from PDMS to the underlying substrates. The calculations are correlated with experimental results demonstrating that ideal transfer conditions are obtained when printing PDMS/PEDOT:PSS/P3HT:PCBM on PCBM/ZnO/ITO substrates. As PEDOT:PSS and PCBM can act as hole only and electron only layers respectively in an inverted PSC architecture, the results presented here demonstrate three key surface and interface aspects to successfully fabricate inverted PSCs with a vertical concentration gradient. (1) The insertion of PEDOT:PSS facilitates the deposition of P3HT:PCBM solutions on PDMS. (2) PEDOT:PSS/P3HT:PCBM layers' transfer is facilitated with a PCBM interlayer inserted on top of the ZnO substrate. (3) The optimized conditions for transfer-printing also correspond to the ideal device architectures in inverted PSCs. Furthermore, this method not only results in the fabrication of sequentially deposited multilayer PSC active layers but also provides means to fabricate a homogeneous PEDOT:PSS layer between the active layer and the metal electrode in inverted PSCs. The devices prepared using the transfer process exhibit an average increase of 40% with respect to the reference spin-coated cells, demonstrating that PCE up to 2.4% can be obtained with P3HT:PCBM active layers processed entirely in air.

2.. Experimental section {#S0002}
========================

2.1.. Materials and thin film preparation {#S0003}
-----------------------------------------

PDMS elastomer (Sylgard 184) was purchased from Dow Corning (Midland, MI, USA). For the fabrication of stamps, the PDMS precursor was mixed with the curing agent (10:1 weight ratio) and stirred using a glass micropipette. After undergoing a standard cleaning procedure (in acetone, surfactant, deionized water, isopropanol and hot isopropanol), standard microscope glass slides with polished surface were used as substrate for the mixture deposition and stamp fabrication. After removing the air bubbles formed during stirring, the mixture was deposited on the cleaned glass substrates and cured at 80 °C for at least two hours. PDMS stamps were treated for 30 min in a plasma generated using a pressure of 200--600 mTorr with air and a light intensity of approximately 10 W (at 10 MHz).

The ZnO layers were prepared on either plasma treated cleaned glass or ITO covered glass substrates. A precursor mixture composed of 500 mg ZnOAc·H~2~O and 101.4 mg 2-aminoethanol in 5 ml of 2-methoxyethanol was stirred for 3 h at room temperature. Once a homogenous solution was obtained, the mixture was spin-coated on the substrates at a speed of 3000 rpm for 30 s. The resulting layers were annealed at 200 °C for 30 min followed by slow cooling to room temperature.

All solvents were acquired from Sigma-Aldrich (St Louis, MO, USA). PEDOT:PSS (AI4083), P3HT and PCBM were purchased from Heraeus-Clevios (Hanau, Germany), Rieke Metals (Lincoln, NE, USA) and Luminescent Technology (Hsin-Chu, Taiwan), respectively. For the P3HT:PCBM blends in chlorobenzene (CB), the weight ratio of P3HT:PCBM was maintained at 1:0.8 with a total concentration of 45 mg ml^--1^ and the spin-coating speed was optimized to obtain approximately 150 nm thick active layers. The PCBM underlayer was spin-coated from a 10 mg ml^--1^ solution at a speed of 1000 rpm for 30s. Triton-X (purchased from Sigma-Aldrich) was added as a wetting agent to the PEDOT:PSS suspension (1 vol.%) and the PEDOT:PSS thin films were spin-coated at 1600 rpm for 60 s on either PDMS or the P3HT:PCBM layer. In the latter case, we ensured that the P3HT:PCBM layer was fully dried by keeping the substrates in a vacuum chamber for at least 30 min.

2.2.. Device preparation and characterization {#S0004}
---------------------------------------------

For the device fabrication, the cleaning and spin-coating conditions were as described above. The non-encapsulated devices were finalized by evaporating a 100 nm thick silver layer acting as a reflective electrode and characterized using a sourcemeter (Keithley 2401, Keithley Instruments, Solon, OH, USA) and a solar simulator (SAN-EI Electric, Osaka, Japan, AM 1.5G, 100 mW cm^--2^) at room temperature to evaluate their photovoltaic performances. The spin-coated devices (reference) were annealed at 150 °C for 10 min which corresponds not only to the optimized annealing time for spin-coated P3HT:PCBM devices with similar device architectures but also to the optimized transfer conditions in the case of transfer-printing (as discussed below). The printing process was carried out using a glass plate and weights deposited on top of the PDMS stamps with an optimized printing pressure of 400 Pa. The process was performed on 10 substrates for each condition (e.g. with and without the insertion of a PCBM underlayer) to estimate the transfer ratios and their standard deviations.

2.3.. Morphological characterizations {#S0005}
-------------------------------------

Contact angles were measured by dropping 50 μl of test solvent onto the characterized surfaces and taking a photograph from a horizontally aligned position. The precise angles were measured using ImageJ with a plugin developed and provided by the Biomedical Imaging Group of the Ecole Polytechnique Federale de Lausanne.\[[@CIT0033]\] The thicknesses and surface morphologies of the prepared thin films were characterized by a Dektak profilometer (Bruker, Billerica, MA, USA) and atomic force microscope (AFM) respectively. Grazing-incident X-ray diffraction (GI-XRD) measurements were performed at the X-ray diffraction beamline 5.2 at the Synchrotron Radiation Facility Elettra in Trieste (Italy). Two-dimensional diffraction patterns were recorded with a 2 M Pilatus silicon pixel X-ray detector (DECTRIS Ltd, Baden, Switzerland). The sample inclination to the beam was changed from *ω* = 0.03° to *ω* = 0.2° to characterize the surface (5 nm depth) and bulk properties of the samples, respectively. Detailed measurement conditions and data treatment can be found in a previously published work.\[[@CIT0034]\]

3.. Results and discussion {#S0006}
==========================

3.1.. Dependence of film quality on PDMS wettability {#S0007}
----------------------------------------------------

The first step of our work consisted in efficiently depositing P3HT:PCBM layers on the PDMS stamps. To obtain homogeneous P3HT:PCBM films on PDMS, we investigated two potential deposition methods described below:•Method A: direct deposition of the P3HT:PCBM solution in CB on plasma treated PDMS.•Method B: deposition of PEDOT:PSS + surfactant on plasma treated PDMS, followed by deposition of P3HT:PCBM solution from CB.

To predict the behavior of these two methods, following the methodology introduced by Young-Dupré for liquid--surface interactions, we calculated the spreading parameters (S~SL~) between the solvent (water or water + surfactant for PEDOT:PSS and CB for P3HT:PCBM solutions, respectively) and PDMS before and after plasma treatment.\[[@CIT0035]\] The calculations for S~SL~ are based on contact angle measurements between the various solvents and PDMS substrates and follow Equation (1).\[[@CIT0035]\]$$\text{S}_{\text{SL}} = \gamma_{\text{L}}{(\cos\mathit{\theta} - 1)}$$

where γ~L~ is the surface tension of the liquid L and *θ* the contact angle measured when depositing a drop of liquid L on the surface S. It should be pointed out that the spreading capacity of the liquid on the surface becomes higher when the values of S~SL~ get closer to zero (S~SL~ ≥ 0 corresponding to complete spreading of the liquid over the surface). Furthermore, the substrate coverage and film quality is directly dependent on the spreading of the solution on the substrate.

The resulting values for S~SL~, together with the γ~L~ and *θ* values for the test solvents, are summarized in Table [1](#T0001){ref-type="table"}. These calculations indicate that, once PDMS undergoes a 30 min surface plasma treatment, water containing the surfactant will spread more easily on its surface as compared to CB or water without the surfactant. Note that, unlike water, we observed that CB swells PDMS as CB molecules diffuse inside the PDMS network. Similarly to previous studies in which chloroform was spin-coated on the PDMS surface to modify its surface energy,\[[@CIT0026]\] the CB trapped at the surface of the PDMS stamp acts as a compatibilizing agent between PDMS and the CB drop on its surface and consequently, S~SL~ for CB might be slightly overestimated. Moreover, the diffusion of CB inside PDMS induces changes in P3HT:PCBM solution concentration (increase in actual spin-coated solution concentration) and the poor solubility of P3HT may lead to the formation of more crystalline domains during the direct P3HT:PCBM deposition on PDMS. The change in P3HT crystallinity due to CB diffusion inside the PDMS stamp is confirmed by the absorption spectra of the two films in Figure [1](#F0001){ref-type="fig"}. The absorption spectrum of the P3HT:PCBM film deposited directly on PDMS (method A) exhibits more defined absorption shoulders around 580 and 610 nm, which are commonly ascribed to a higher degree of P3HT crystallinity. Note that, depending on the area measured on the samples prepared using method A, the absorption intensity varies (changes in film thickness) but the spectral shape remains the same. Figure [1](#F0001){ref-type="fig"} displays photographs of the P3HT:PCBM films obtained using methods A and B. Unlike method A, a very homogeneous film (both in color and aspect) can be obtained in the case of method B. These results clearly demonstrate that the insertion of the PEDOT:PSS layer allows to deposit much higher quality P3HT:PCBM films.

###### Predicted wetting on PDMS before and after plasma treatment.

  PDMS               Before plasma treatment   30 min plasma treatment                                                             
  ------------------ ------------------------- ------------------------- ----------------------------------------- ------- ------- -----------------------------------------
  γ~L~ (mJ m^−2^)    33.6                      72.8                      33.0[\*](#TFN0001){ref-type="table-fn"}   33.6    72.8    33.0[\*](#TFN0001){ref-type="table-fn"}
  *θ* (°)            50.9                      75.8                      71.2                                      27.9    12.0    11.6
  S~SL~ (mJ m^−2^)   −12.4                     −54.9                     −22.4                                     −3.91   −1.59   −0.67

data provided by the manufacturer for a 1 vol.% concentration in water.

![Photographs (top) and absorption spectra (bottom) of P3HT:PCBM films deposited following method A (directly on PDMS stamps) and method B (on PEDOT:PSS covered PDMS stamps). The PDMS substrate size is 20 × 20 mm^2^.](tsta_a_1221306_f0001_oc){#F0001}

3.2.. Theoretical calculations and experimental results of the transfer-printing process {#S0008}
----------------------------------------------------------------------------------------

To assess whether the printing process can be successfully realized using the PDMS/PEDOT:PSS/P3HT:PCBM sequentially deposited layers, we calculated the works of adhesion between the various layers involved (Equation (2)) using surface free energy values found in literature to predict which transfers are more probable.\[[@CIT0035]\]$$\text{W}_{\text{S1/S2}}\; = 2\;\left( {\sqrt{\gamma_{\text{S}1}^{\text{d}}}\sqrt{\gamma_{\text{S}2}^{\text{d}}} + \sqrt{\gamma_{\text{S}1}^{\text{p}}}\sqrt{\gamma_{\text{S}2}^{\text{p}}}} \right)$$

where γ~S~ is the surface free energy of solid S and d and p correspond to its dispersive and polar components, respectively.

A higher value of W~s1/s2~ corresponds to a higher degree of adhesion between two surfaces.\[[@CIT0035]\] The results presented in Table [2](#T0002){ref-type="table"} can therefore be used to predict both the quality of the interface and whether the transfer-printing process will be successful or not. For instance, W~PEDOT:PSS/P3HT:PCBM~ is found to have a higher value compared to W~PDMS/PEDOT:PSS~, as well as W~P3HT:PCBM/ZnO~, and W~P3HT:PCBM/PCBM~. Therefore, if the printing process is successful, both P3HT:PCBM and PEDOT:PSS layers are expected to be transferred together.

###### Works of adhesion at the various interfaces involved in the printing process.

  Ws~1~/s~2~ (γ~/~γ^d^~/~γ^p^) \[mJ m^−2^\]   PDMS   PEDOT:PSS   P3HT:PCBM   ZnO    PCBM
  ------------------------------------------- ------ ----------- ----------- ------ ------
  PDMS (19.9/17.9/2.0)\[[@CIT0038]\]          --     70.6        48.9        --     --
  PEDOT:PSS (73/42/31)\[[@CIT0039]\]          70.6   --          74.9        --     --
  P3HT:PCBM (33.4/33.4/0)\[[@CIT0040]\]       48.9   74.9        --          54.2   72.9
  ZnO (40.5/22/18.5)\[[@CIT0041]\]            --     --          54.2        --     86.1
  PCBM (50.6/39.8/9.8)\[[@CIT0042]\]          --     --          72.9        86.1   --

On the other hand, W~PDMS/PEDOT:PSS~ has a higher value compared to W~P3HT:PCBM/ZnO~ while W~PDMS/P3HT:PCBM~ is just slightly lower than W~P3HT:PCBM/ZnO~. Through these calculations, we predict that P3HT:PCBM (with no underlying PEDOT:PSS interlayer) on PDMS should be successfully transferred from PDMS to ZnO. However, the PEDOT:PSS/P3HT:PCBM should, according to these calculations, stay on the PDMS side during the printing process. Last but not least, the deposition of a PCBM thin layer on top of the ZnO substrate acts as a compatibilizing layer as it strongly bonds to ZnO and should allow for an easier printing process of the PEDOT:PSS/P3HT:PCBM bilayer from PDMS to the ZnO/PCBM substrate. The predicted results of the various potential transfer-printing attempts are summarized in Figure [2](#F0002){ref-type="fig"}.

![Schematic representations of the predicted results for the transfer-printing process with and without PEDOT:PSS and PCBM interlayers.](tsta_a_1221306_f0002_oc){#F0002}

As a high quality P3HT:PCBM layer cannot be obtained directly on PDMS in a controllable way, we focused on the two situations with PEDOT:PSS and with or without PCBM. For both types of experiment, the printing process was optimized in terms of applied pressure, temperature and time. Figure [3](#F0003){ref-type="fig"} displays the typical transfer results for an applied pressure of 400 Pa for 10 min either at room temperature or at 150 °C. It is worth noticing that longer printing process times gave similar results. However, as in P3HT:PCBM PSCs, the optimized annealing temperature and time are also 150 °C for 10 min, so all samples prepared for device fabrication were obtained following the same protocol. The theoretical calculations predict that no transfer should be obtained when printing PDMS/PEDOT:PSS/P3HT:PCBM layers on ZnO substrates. On the other hand, PEDOT:PSS/P3HT:PCBM layers should be transferred from the PDMS stamps to PCBM covered ZnO substrates. This is well reflected in the results presented in Figure [3](#F0003){ref-type="fig"} when the transfer process is conducted at room temperature. However, by increasing the temperature to 150 °C, we were able to partially transfer the P3HT:PCBM layer to the ZnO substrates with an average transfer ratio of approximately 26% for 20 × 20 mm^2^ samples. Note that the standard deviation of these transfers is extremely large (±38%) as the transfer process in the case of the ZnO substrates with no PCBM has a low reproducibility and generally results in either one of the following situations: low transfer (approx. 1% transfer ratio), partial transfer (approx. 25% transfer ratio) or full transfer (over 90% transfer ratio). The variation between the transfer ratios may be due to lateral strain during the positioning and lift-off of the PDMS stamp. Furthermore, similarly to previously published results, we found that our preparation method results in the formation of nanoripples on the surface of the deposited ZnO thin films.\[[@CIT0020]\] Due to these nanoripples, the actual contact area between the P3HT:PCBM film to be transferred (flat) and the ZnO substrate (rippled) varies from one test to another and may be one of the reasons for the low reproducibility of the results. Figure [3](#F0003){ref-type="fig"} clearly demonstrates that when a thin PCBM layer is deposited on the ZnO substrates, a very high quality transfer can be obtained resulting in smooth and homogeneous P3HT:PCBM/PEDOT:PSS layers both at room temperature and at 150 °C. The transfer ratios measured at room temperature and 150 °C are 96 ± 3% and 98 ± 1%, respectively. To verify that the PEDOT:PSS layer is successfully transferred together with the active layer, we performed UV-vis absorption measurements of the PDMS stamps at the various stages of the process for samples with high transfer ratios: PDMS substrates; after deposition of the PEDOT:PSS layer; after deposition of the P3HT:PCBM layer; after transferring the PEDOT:PSS/P3HT:PCBM layers to the substrate. The measurements were performed on the same PDMS substrates at the various stages to avoid any changes in absorption spectra due to variations in PDMS thickness. Although PEDOT:PSS and PDMS have an overlapping absorption spectral range, we can clearly observe that the transferred PDMS substrate has a very similar absorption spectrum to that of the PDMS substrate prior to PEDOT:PSS/P3HT:PCBM layers deposition. The small differences between the two absorption spectra can be assigned to the small amount of PEDOT:PSS/P3HT:PCBM (less than 1% for the measured samples) which was not transferred to the substrate during the process. The absorption spectra clearly demonstrate that the strong adhesion between the PEDOT:PSS and the P3HT:PCBM layers results in both layers being transferred at the same time during the process.

![(a) Typical transfer results of PEDOT:PSS/P3HT:PCBM films printed on ZnO substrates without and with the presence of a PCBM interlayer. (b) Absorption spectra of PDMS stamps at various stages of the deposition and transfer process. The PDMS substrate size is 20 × 20 cm^2^.](tsta_a_1221306_f0003_oc){#F0003}

3.3.. Application to photovoltaic device fabrication {#S0009}
----------------------------------------------------

Figure [4](#F0004){ref-type="fig"} summarizes the three types of devices that were prepared in this study. In the reference device, the active layer (P3HT:PCBM) is spin-coated directly on the glass/ITO/ZnO substrates which act as the cathode. A hole conducting PEDOT:PSS layer is then spin-coated on top of the active layer and the device is finalized by evaporating a 100 nm thick silver (Ag) anode. The two investigated device types correspond to the transferred devices (PEDOT:PSS/active layer) with and without the insertion of the PCBM interlayer on top of the glass/ITO/ZnO substrates.

![Schematic representations of the three types of devices prepared to compare the performances of devices fabricated by the transfer-printing process (transferred devices) with the traditional process (reference spin-coated device).](tsta_a_1221306_f0004_oc){#F0004}

The addition of surfactants to a PEDOT:PSS dispersion has been previously reported as an efficient method to spin-coat PEDOT:PSS layers on top of PSC active layers.\[[@CIT0043]\] However, in our case, this method did not result in the formation of high quality PEDOT:PSS layers (inhomogeneity could be observed by eye). To further emphasize the relevance of the transfer-printing process presented in this work, we employed a contact angle approach to estimate the compatibility of the PEDOT:PSS + surfactant suspension with either plasma treated PDMS or P3HT:PCBM active layer's surfaces. Although we could not estimate γ~L~ for the suspension, as the solution remains the same for both experiments, we can still quantitatively compare the S~SL~ on the two surfaces.

From the contact angle measurements in Figure [5](#F0005){ref-type="fig"}, we can extrapolate the values of cos*θ*−1 which are used for S~SL~ calculations (Equation (1)).\[[@CIT0035]\] The cos*θ* values for PDMS and P3HT:PCBM active layers are 0.97 and 0.80, respectively. As γ~PEDOT:PSS+surfactant~ is a constant, we can calculate the ratio S~PDMS/PEDOT:PSS+surfactant~/S~P3HT:PCBM/PEDOT:PSS+surfactant~ which, accordingly to the measured contact angles, is equal to 0.15. Note that a smaller absolute value of S~SL~ corresponds to a better spreading of the solution on the surface for contact angles with values up to 90° and we can therefore conclude that the suspension spreads much better on PDMS than on the P3HT:PCBM active layers (visually confirmed in Figure [5](#F0005){ref-type="fig"}). From the AFM measurements displayed in Figure [5](#F0005){ref-type="fig"}, we extrapolated the root mean square surface roughness (RMS) and maximum height (Ry) for the PEDOT:PSS layers formed by direct spin-coating on P3HT:PCBM films or transfer-printing. The RMS values were 9.89 and 2.09 nm, respectively, with Ry values reaching 48.36 and 6.58 nm, respectively. This confirms our observation that better quality PEDOT:PSS layers are formed during the printing process with respect to the direct spin-coating of PEDOT:PSS on the active layers. Furthermore, the large surface roughness observed for PEDOT:PSS spin-coating on P3HT:PCBM films may lead to an increase of the series resistance (Rs) at the PEDOT:PSS/metal anode interface.

![Contact angle measurements of the PEDOT:PSS + surfactant solution used for device fabrication on P3HT:PCBM active layer and plasma treated PDMS surfaces. The AFM images correspond to the PEDOT:PSS surfaces deposited on each layer.](tsta_a_1221306_f0005_oc){#F0005}

3.4.. Effect of the fabrication process on the device performances {#S0010}
------------------------------------------------------------------

The device parameters measured from the three types of devices are summarized in Table [3](#T0003){ref-type="table"} and their J-V characteristics are displayed in Figure [6](#F0006){ref-type="fig"}. In both Table [3](#T0003){ref-type="table"} and Figure [6](#F0006){ref-type="fig"}, we present the average performances and standard deviation of PCE for eight devices as well as the best performing device for each device type. From the J-V curves, we can clearly observe that a higher FF is obtained when using the transfer-printing process as compared to spin-coating which is partially due to the formation of a higher quality PEDOT:PSS layer (lower Rs) and a complete coverage at its interface with P3HT:PCBM in the case of transfer-printing. Hole collection is highly affected by the quality of the PEDOT:PSS layer which explains the large changes observed in Rs and FF between the spin-coated and printed devices.

###### Photovoltaic parameters extracted from the J-V curves for the studied devices.

                                    Jsc (mA cm^−2^)   Voc (V)   FF (%)   PCE (%)       Rs (Ω cm^2^)   Rsh (Ω cm^2^)
  --------------------------------- ----------------- --------- -------- ------------- -------------- ---------------
  Spin-coated (average)             8.36              0.60      32.2     1.64 ± 0.02   42.3           133.7
  Spin-coated (best)                8.57              0.60      32.0     1.65          45.9           128.3
  Transferred no PCBM (average)     7.94              0.55      36.9     1.62 ± 0.23   30.5           178.1
  Transferred no PCBM (best)        8.35              0.57      40.6     1.92          24.3           179.1
  Transferred with PCBM (average)   8.79              0.59      45.2     2.34 ± 0.09   19.4           311.5
  Transferred with PCBM (best)      9.17              0.59      45.7     2.45          18.6           464.0

![Average (solid line) and best (dashed line) J-V characteristics of spin-coated and transferred devices with and without the PCBM underlayer.](tsta_a_1221306_f0006_oc){#F0006}

However, as a large difference in FF can be observed between transferred devices without and with PCBM, we can assume that the donor-acceptor vertical concentration gradient in the active layers of our devices also greatly influences the FF. In fact, active layers spin-coated from CB have a tendency to generate such vertical concentration gradients which can be influenced by both the materials at the interfaces and the annealing conditions.\[[@CIT0045]\] The shunt resistances (Rsh) values, which reflect the quantity of leakage current in the devices, suggest that a more adequate concentration gradient (higher Rsh values) is obtained for transferred devices (with or without PCBM) as compared to the reference spin-coated devices. However, the lower quality of PEDOT:PSS layer in the reference devices may also affect Rsh values (inhomogeneous hole collection layer). In fact, in our laboratory, devices with spin-coated active layers prepared in air and evaporated molybdenum trioxide as hole collection layers display average FF and PCE of 43.1 and 1.99%, respectively.

To observe whether vertical concentration gradients are formed in the active layers of our spin-coated and transfer-printed devices, we performed GI-XRD measurements to characterize their surface and bulk properties independently. PEDOT:PSS layers were fully removed using water prior to measurement. Figure [7](#F0007){ref-type="fig"} displays the spectra obtained at grazing (surface properties) and incident (bulk properties) angles for the three types of samples. The peak observed at a Q value of approximately 0.5 Å^−1^ is attributed to the (100) reflection of P3HT crystal while the diffuse peak with a maximum at approximately 2.2 Å^−1^ can be ascribed to PCBM. To compare the P3HT and PCBM ratios in a systematical manner, all the spectra were normalized to the PCBM peak maximum. In Figure [7](#F0007){ref-type="fig"}(a) (bulk properties), we can clearly observe that the sequentially deposited active layer (PCBM/P3HT:PCBM) exhibits a lower concentration in P3HT as compared to the other two samples. This confirms that the incident angle induces enough penetration depth to characterize the bulk properties of the whole active layer (underlying PCBM layer included).

![(a) Incident (0.1 degree), (b) grazing (0.03 degree) and (c) comparative XRD out-of-plane profiles extracted from 2D images of spin-coated and transferred devices. (d) Schematic representations of the active layer morphologies and charge transport in the various devices.](tsta_a_1221306_f0007_oc){#F0007}

Figure [7](#F0007){ref-type="fig"}(b) and [7](#F0007){ref-type="fig"}(c) reveal the relative P3HT:PCBM concentration at the surface of the samples. We can observe that, compared to the spin-coated reference samples, a smaller amount of P3HT content can be measured in the case of transfer-printed films with no underlying PCBM but with the insertion of the PCBM underlayer between the transferred layer and the ZnO substrate, we induced the formation of a much higher P3HT concentration layer at the top interface of the active layer. Consequently, the favorable vertical concentration gradient generated in the devices printed on ITO/ZnO/PCBM results in the decrease of Rs and increase of Rsh, when compared to the devices printed on ITO/ZnO substrates. This leads to FF values of 36.9 and 45.2% for the transferred devices without and with PCBM, respectively which corresponds to a 22.5% increase in FF upon insertion of the PCBM underlayer for the transfer process. Note that the highest FF obtained for the transferred devices without PCBM is of approximately 40%.

Figure [7](#F0007){ref-type="fig"}(d) schematically shows the evolution of the device morphology and its impact on the charge transport properties. A larger number of arrows corresponds to a more efficient charge collection. The charge collection efficiency not only influences the FF of the devices but also, in a much more moderate manner, their Jsc. In fact, the average Jsc values for the transferred devices only display a ± 5% variation with respect to the reference devices. On the other hand, the lower value of Voc obtained for the printed devices on ZnO directly, namely 0.55 V, did not meet our expectations. This may be due to the lower quality of ZnO/P3HT:PCBM interfaces in these devices which affects the energetic levels of the molecules present at this interface.\[[@CIT0020]\] As mentioned previously, the ZnO layers, prepared using the procedure described in the experimental section, display some nanoripple formation resulting in a surface roughness (Ry) value of approximately 32.5 nm.\[[@CIT0020]\] The deposition of the PCBM layer is therefore not only essential to induce a more adequate vertical concentration gradient but also to smoothen the P3HT:PCBM/ZnO interface which also, as demonstrated above, clearly enhances the facility of the transfer-printing process. Consequently, the overall PCE increases from 1.64% for spin-coated devices to 2.34% for printed devices with the PCBM interlayer. Note that, as mentioned above, all devices' active layers were prepared in air and were characterized without encapsulation (exposed to oxygen and moisture). The oxygen and water molecules which diffused inside the active layer may act as trap sites which explains the lower FF (and PCE) observed in our work as compared to other works on P3HT:PCBM inverted PSCs.\[[@CIT0015]\] However, our printed device performances (PCE reaching 2.34%) overcomes the PCE of similar device architectures processed in air (PCE of 1.79%), confirming its potential for applications to roll-to-roll compatible process in air.\[[@CIT0015]\] Furthermore, the influence of the interlayers and the formation of a vertical concentration gradient can be clearly observed as inserting the PCBM interlayer and using the transfer-printing process results in a 40% increase of the device PCE compared to the reference spin-coated devices. In fact, due to the formation of an inverted concentration gradient, the printed devices (FF and PCE of 45.2 and 2.34%, respectively) even overcome the performances of devices spin-coated in air with a vacuum evaporated molybdenum trioxide hole collecting layer (FF and PCE of 43.1 and 1.99%, respectively).

4.. Conclusions {#S0011}
===============

In summary, using theoretical calculations correlated with practical experiments, we have introduced an efficient method to transfer PEDOT:PSS/active layers from PDMS stamps to the underlying substrates. Our approach, based on calculations of spreading parameters and works of adhesion between the different solutions and surfaces, not only explains the results observed in the practical experiments but also represents a powerful tool which could be applied to other transfer or lamination processes. Furthermore, we presented a method to successfully deposit high quality P3HT:PCBM films on PDMS through the insertion of a PEDOT:PSS interlayer. Although, from a theoretical point of view, the PEDOT:PSS interlayer reduces the chances for transfer from PDMS to ZnO substrates, we have demonstrated that depositing a PCBM layer prior to printing highly increases the rate of transfer from PDMS to the substrate. This alternative process not only allows for the formation of sequentially deposited layers in a controlled manner but also induces changes in vertical concentration gradients in the active layer of inverted architecture PSCs. The printed devices with the PCBM interlayer exhibit a 40% increase in PCE when compared with the spin-coated devices. This increase can be ascribed not only to the more adequate vertical concentration gradient in the printed devices but also to a higher quality PEDOT:PSS layer. Through our study, we emphasize the importance of interface quality and interactions in organic electronics. More specifically, we demonstrated that in order to successfully transfer or laminate layers, using works of adhesion can be extremely useful as it can avoid having to perform unnecessary experiments.
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